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Description 

[METHODS FOR FORMING PN JUNCTION, 
ONE-TIME PROGRAMMABLE READ-ONLY 
MEMORY AND FABRICATING PROCESSES 

THEREOF] 

Background of Invention 
[ooo 1 ] Field of the Invention 

[0002] The present invention relates to a semiconductor process 
and a semiconductor device structure. More particularly, 
the present invention relates to methods for forming a PN 
junction, fabricating processes of one-time programmable 
read-only memory (OTP-ROM) based on the same meth- 
ods, and structures of OTP-ROM cell and OTP-ROM device 
fabricated using the same processes. 

[0003] Description of the Related Art 

[0004] pn junction is a fundamental structure of various semi- 
conductor devices, and is conventionally constituted of 
polysilicon. However, since polysilicon has many grains of 



different sizes as well as grain boundaries, the character- 
istic of polysilicon PN junction is not uniform. In addition, 
the grain-boundaries of polysilicon induce more leakage 
paths than single-crystal silicon. 
[0005] For high-density memory applications, such as the 3D 
memory, chalcogenide memory, OTP diode or MRAM, 
steering elements are required to ensure that the current 
flow is unidirectional. Moreover, uniform characteristics of 
the memory cells are necessary to increase the sense 
margin of On-state and Off-state, and decreased leakage 
current paths are also required to reduce power con- 
sumption and heat generation. Therefore, polysilicon PN 
junctions are not so suitable in high-density memory ap- 
plications. 

[0006] For example, U.S. Patent No. 6,420,215 discloses a struc- 
ture of a three-dimensional (3D) OTP-ROM, which is 
formed by alternately stacking layers of parallel N-type 
polysilicon lines and layers of parallel P-type polysilicon 
lines. In any two adjacent layers, the orientation of the 
parallel N-type polysilicon lines is different from that of 
the parallel P-type polysilicon lines, and a pair of N-type 
polysilicon line and P-type polysilicon line is separated by 
an antifuse layer. The overlapping portions of a pair of N- 



type polysilicon line and P-type polysilicon line and the 
antifuse layer between them together constitute a memory 
cell. During the programming operation of the 3D OTP- 
ROM, a forward bias is applied between a pair of selected 
N-type polysilicon line and P-type polysilicon line to break 
down the antifuse layer between them and thereby form a 
PN junction. However, since the polysilicon PN junctions 
lack uniform characteristic and have grain boundaries, as 
mentioned above, the characteristics of the memory cells 
are not uniform, and a leakage current is easily induced 
under reverse bias. 
[0007] a possible method for solving the aforementioned prob- 
lems of polysilicon PN junction is to control the sizes of 
polysilicon grains and the locations of grain boundaries. 
For example, Yonehara et al. disclosed a method for con- 
trolling grain boundaries in Materials Research Society, 
Symp. Proc. Vol. 106, p. 21-26 (1988), which utilizes a 
selective nucleation process over an amorphous substrate. 
Specifically, a high-nucleation-density layer (e.g., a Si^ 
layer) formed on a low-nucleation-density layer (e.g., a 
Si0 2 layer) is patterned into small blocks to serve as nu- 
cleation sites. Alternatively, a low-nucleation-density 
layer formed on a high-nucleation-density layer is pat- 



terned to expose small regions of the high-nucle- 
ation-density layer to serve as nucleation sites. A gas- 
phase epitaxial process is then performed to form silicon 
grains having the same distribution of the nucleation 
sites. However, since an additional mask is required to 
pattern the high-nucleation-density layer or the low- 
nucleation-density layer in the method, the fabricating 
process is more tedious. 
[0008] Another possible method for solving the aforementioned 
problems of conventional PN junction is to use single- 
crystal silicon material for forming the PN junction. For 
example, Subramanian et al. disclosed a method for form- 
ing a source/drain and a channel in single-crystal silicon 
in IEEE EDL, Vol. 20, No. 7, p. 341-343 (1999). In the 
method, a sacrificial oxide layer is formed on an amor- 
phous silicon layer, a small aperture is formed in the sac- 
rificial oxide layer, and then a germanium (Ge) seed layer 
is selectively formed on the amorphous silicon layer ex- 
posed by the small aperture. An annealing process is per- 
formed to recrystallize the amorphous silicon layer start- 
ing from the portion adjacent to the Ge seed layer, so that 
the amorphous silicon layer is gradually converted into a 
single-crystal silicon layer. The Ge seed layer and the sac- 



rificial oxide layer are then removed, and a source/drain 
region and a channel region are defined in the single- 
crystal silicon layer. However, since an additional mask is 
also required to pattern the sacrificial oxide layer, the 

fabricating process is more tedious. 
Summary of Invention 

[0009] | n V j ew 0 f the foregoing, this invention provides methods 
for forming a PN junction, which include a nucleation pro- 
cess for forming a PN junction that has at least one half, 
i.e., the P-doped half or the N-doped half, being consti- 
tuted of single-crystal silicon to improve the uniformity of 
PN junction. These methods do not need an additional 
mask for patterning a high-nucleation-density layer, a 
low-nucleation-density layer or a sacrificial layer. 

[0010] This invention also provides fabricating processes of one- 
time programmable read-only memory (OTP-ROM) based 
on the methods for forming a PN junction of this inven- 
tion. The processes are intended to improve the unifor- 
mity of characteristics of OTP-ROM cells and to reduce the 
leakage current under reverse bias. 

[0011] This invention further provides structures of OTP-ROM 
cell and OTP-ROM device, which are fabricated using the 
OTP-ROM processes of this invention. 



[0012] a method for forming a PN junction of this invention is 
described below. A stacked structure that includes, from 
bottom to top, a first doped layer of N-type (or P-type), a 
dielectric layer and a nucleation layer is formed on a sub- 
strate. The material of the first doped layer can be polysil- 
icon or single-crystal silicon, such as the surface single- 
crystal silicon of a silicon wafer. An insulating layer having 
an opening therein is formed over the substrate, wherein 
the opening exposes a portion of the nucleation layer. A 
second doped layer of P-type (or N-type) that is consti- 
tuted of polysilicon or amorphous silicon is formed in the 
opening, and then an annealing process is performed to 
convert the second doped layer into a single-crystal sili- 
con layer. The dielectric layer is then broken down to form 
a PN junction. 

[0013] Another method for forming a PN junction of this inven- 
tion is described below. A stacked structure including, 
from bottom to top, a first doped layer of N-type (or P- 
type), a dielectric layer and a second doped layer of P- 
type (or N-type) is formed on a substrate, wherein the 
material of the second doped layer is polysilicon or amor- 
phous silicon. An insulating layer having an opening 
therein is then formed over the substrate, wherein the 



opening exposes a portion of the second doped layer. A 
nucleation layer, such as a Ge seed layer, is formed on the 
second doped layer exposed by the opening. An annealing 
process is performed to convert the second doped layer 
under the nucleation layer into a single-crystal silicon 
layer. The dielectric layer is then broken down to form a 
PN junction. 

[0014] The first OTP-ROM process of this invention includes the 
following steps. A substrate having an insulating layer and 
linear stacked structures formed thereon is provided (step 

(a) ). The linear stacked structures are embedded in 
trenches of the insulating layer, and each linear stacked 
layer includes, from bottom to top, a first semiconductor 
layer of N-type (or P-type), an antifuse layer and a nucle- 
ation layer. The material of the first semiconductor layer 
can be polysilicon or single-crystal silicon, such as the 
surface single-crystal silicon of a silicon wafer. Then, a 
next insulating layer is formed over the substrate (step 

(b) ). A plurality of trenches are formed in the next insulat- 
ing layer in an orientation different from that of the 
trenches in the former insulating layer, so that multi- 
portions of each nucleation layer are exposed (step (c)). 
Thereafter, P-type (or N-type) polysilicon is filled into the 



trenches of the next insulating layer (step (d)). An anneal- 
ing process is then performed to convert the polysilicon 
on the nucleation layer into single-crystal silicon (step 
(e)). 

[0015] The first OTP-ROM process of this invention may further 
include the following steps to form a 3D memory having 
multi-layers of memory cells. A conductive layer is formed 
on the polysilicon in each trench of the next insulating 
layer (step (f)). Then, a next semiconductor layer, a next 
antifuse layer and a next nucleation layer are sequentially 
formed on the conductive layer in each trench of the next 
insulating layer, so as to form a next linear stacked struc- 
ture in each trench (step (g)). The steps (b)-(g) are re- 
peated cyclically to form upper insulating layers and linear 
stacked structures until a predetermined number of layers 
of memory cells are fabricated. In this process, the orien- 
tation of the trenches formed in one insulating layer is 
different from that of the trenches formed in an adjacent 
insulating layer, and the step (g) is not performed in the 
last cycle of steps. For example, when only two layers of 
memory cells are to be formed, the steps (b)-(f) are re- 
peated only once. In the OTP-ROM process of this inven- 
tion, the conductive layers are formed as word lines or bit 



lines, and the layers of word lines and the layers of bit 
lines are formed alternately. That is, when the conductive 
layers in one layer of linear stacked structures serve as 
word lines (or bit lines), the conductive layers in an adja- 
cent layer of linear stacked structures serve as bit lines (or 
word lines). 

[0016] This invention also provides a second OTP-POM process, 
which includes the following steps. A substrate having an 
insulating layer and linear stacked structures formed 
thereon is provided (step (a)). The linear stacked struc- 
tures are embedded in trenches of the insulating layer, 
and each linear stacked layer includes, from bottom to 
top, a first semiconductor layer of N-type (or P-type), an 
antifuse layer and an amorphous silicon layer of P-type 
(or N-type). The material of the first semiconductor layer 
can be polysilicon or single-crystal silicon, such as the 
surface single-crystal silicon of a silicon wafer. Then, a 
next insulating layer is formed over the substrate (step 
(b)). A plurality of trenches are formed in the next insulat- 
ing layer in an orientation different from that of the 
trenches in the former insulating layer, so that multi- 
portions of each amorphous silicon layer are exposed 
(step (c)). Thereafter, a nucleation layer is formed in each 



trench in the next insulating layer (step (d)). An annealing 
process is performed to convert the amorphous silicon 
under the nucleation layer into single-crystal silicon (step 
(e)). The nucleation layer is then removed (step (f)), and a 
conductive layer is formed in each trench in the next insu- 
lating layer (step (g)). 

[0017] As mentioned above, in the OTP-ROM processes of this 
invention, the step of defining silicon nucleation sites is 
integrated with the inherent damascene process. That is, 
single-crystal silicon is formed on a nucleation layer ex- 
posed by the damascene openings of an inter-layer insu- 
lator, or is formed under a nucleation layer formed in the 
damascene openings of an inter-layer insulator. There- 
fore, this invention does not need an additional mask to 
pattern the high-nucleation-density layer (= the nucle- 
ation layer) or the low-nucleation-density layer (= the di- 
electric layer or the antifuse layer between a P-doped 
layer and an N-doped layer). Meanwhile, no sacrificial 
layer needs to be formed and patterned for defining sili- 
con nucleation sites in the processes. 

[0018] Moreover, the second OTP-POM process of this invention 
can further include the following steps to form a second 
layer of memory cells. A next semiconductor layer of N- 



type (or P-type) and a next antifuse layer are formed on 
the conductive layer in each trench of the next insulating 
layer (step (h)). A next amorphous silicon layer of P-type 
(or N-type) is formed over the substrate (step (i)). A plu- 
rality of linear nucleation layers are then formed on the 
next amorphous silicon layer, wherein each linear nucle- 
ation layer is located over a next semiconductor layer 
(step (j)). An annealing process is performed to convert 
the amorphous silicon under the linear nucleation layers 
into single-crystal silicon (step (k)). Thereafter, the linear 
nucleation layers are removed (step (I)). A next conductive 
layer is formed on the next amorphous silicon layer con- 
taining single-crystal silicon (step (m)). The next conduc- 
tive layer and the next amorphous silicon layer containing 
single-crystal silicon are then patterned into a plurality of 
linear stacked structures that have an orientation different 
from that of the trenches in the next insulating layer (step 
(n)). Thus, an OTP-ROM having two layers of memory cells 
is formed. 

[0019] Furthermore, the second OTP-POM process of this inven- 
tion can further include some modifications and steps to 
form a 3D memory having multi-layers of memory cells. 
Specifically, the step (m) can further include sequentially 



forming a still next semiconductor layer of N-type (or P- 
type), a still next antifuse layer and a still next amorphous 
silicon layer of P-type (or N-type). Meanwhile, the still 
next amorphous silicon layer, the still next antifuse layer, 
the still next semiconductor layer, the next conductive 
layer and the next amorphous silicon layer containing sin- 
gle-crystal silicon are sequentially patterned to form a 
plurality of linear stacked structures in step (n). The sec- 
ond OTP-POM process further including a step (o) that 
fills a still next insulating layer in between the linear 
stacked structures formed in step (n). The steps (b)-(o) 
are then repeated cyclically to form upper insulating lay- 
ers and linear stacked structures until a predetermined 
number of layers of memory cells are fabricated. In addi- 
tion, the cycling process is terminated on a step (g) or a 
step (n). When the cycling process is terminated on a step 
(n), the step (m) just before the terminal step (n) does not 
form a still next semiconductor layer, a still next antifuse 
layer and a still next amorphous silicon layer, and the ter- 
minal step (n) does not pattern a still next amorphous sil- 
icon layer, a still next antifuse layer and a still next semi- 
conductor layer. In addition, it is also feasible to perform 
a half cycle of the aforementioned steps, i.e., to repeat 



steps (b)-(g) only once, to form an OTP-ROM having only 
three layers of memory cells. 

[0020] since at least one of a pair of P-doped layer and N-doped 
layer that constitute a PN junction is composed of single- 
crystal silicon in the methods for forming PN junction and 
the OTP-ROM processes of this invention, the characteris- 
tics of PN junction are more uniform, and the leakage cur- 
rent of the PN junction under reverse bias can be reduced. 
Therefore, the characteristics of the OTP-ROM cells or 
other devices having such PN junctions are more uniform, 
and the leakage current of the same can also be reduced. 

[0021] on the other hand, the OTP-ROM cell of this invention in- 
cludes a first doped layer of N-type (or P-type), an anti- 
fuse layer, a nucleation layer and a second doped layer of 
P-type (or N-type). The first doped layer is disposed on a 
substrate, and may be composed of polysilicon or single- 
crystal silicon, such as the surface single-crystal silicon of 
a silicon wafer. The antifuse layer is disposed on the first 
doped layer, and the nucleation layer on the antifuse 
layer. The second doped layer is disposed on the nucle- 
ation layer, and is composed of single-crystal silicon. 

[0022] Moreover, this invention provides an OTP-ROM structure 
that is based on the OTP-ROM cell of this invention and is 



formed with the first OTP-ROM process of this invention. 
The OTP-ROM includes a plurality of linear stacked struc- 
tures and a plurality of linear silicon layers crossing over 
the linear stacked structures. Each linear stacked structure 
includes, from bottom to top, a semiconductor layer of N- 
type (or P-type), an antifuse layer and a nucleation layer, 
wherein the semiconductor layer may be composed of 
single-crystal silicon, such the surface single-crystal sili- 
con of a silicon wafer. The linear silicon layers are P- 
doped (or N-doped). Each linear silicon layer is consti- 
tuted of a plurality of polysilicon blocks and a plurality of 
single-crystal silicon blocks that are arranged alternately. 
A single-crystal silicon block is on the nucleation layer of 
a linear stacked structure that overlaps with the linear sili- 
con layer, and a polysilicon block is located between two 
single-crystal silicon blocks. 
[0023] This invention further provides another OTP-ROM struc- 
ture that is formed with the second OTP-ROM process of 
this invention. The structure includes a plurality of linear 
stacked structures and a plurality of linear conductive lay- 
ers crossing over the linear stacked structures. Each linear 
stacked structure includes, from bottom to top, a semi- 
conductor layer of N-type (or P-type), an antifuse layer 



and a silicon layer of P-type (N-type), wherein the semi- 
conductor layer may be composed of polysilicon or sin- 
gle-crystal silicon, such the surface single-crystal silicon 
of a silicon wafer. Each silicon layer is constituted of a 
plurality of amorphous silicon blocks and a plurality of 
single-crystal silicon blocks that are arranged alternately. 
A single-crystal silicon block is under a linear conductive 
layer that overlaps with the silicon layer, and an amor- 
phous silicon block is located between two single-crystal 
silicon blocks. 

[0024] since at least one of a pair of P-doped layer and N-doped 
layer that constitute a PN junction is composed of single- 
crystal silicon in the OTP-ROM cell or the OTP-ROM struc- 
tures of this invention, the characteristics of PN junction 
are more uniform, and the leakage current of the PN junc- 
tion under reverse bias can be reduced. Therefore, the 
characteristics of the OTP-ROM cells having such PN junc- 
tions are more uniform, and the leakage current of the 
same can also be reduced. 

[0025] it is to be understood that both the foregoing general de- 
scription and the following detailed description are exem- 
plary, and are intended to provide further explanation of 
the invention as claimed. 



Brief Description of Drawings 

[0026] The accompanying drawings are included to provide a 

further understanding of the invention, and are incorpo- 
rated in and constitute a part of this specification. The 
drawings illustrate embodiments of the invention and, to- 
gether with the description, serve to explain the principles 
of the invention. 

[0027] piGs. 1A-1C illustrate a method for forming a PN junction 
according to a first embodiment of this invention, wherein 
FIG. 1C shows the structure of an OTP-ROM cell of the 
first embodiment. 

[0028] piGs. 2A-2C illustrate a method for forming a PN junction 
according to a second embodiment of this invention. 

[0029] FIGs. 3A-3D illustrate a process flow of fabricating an 

OTP-ROM device according to a third embodiment of this 
invention, wherein FIG. 3B/3C/3D shows an OTP-ROM 
structure of the third embodiment having 1/2/3 layers of 
memory cells. 

[0030] FIGs. 4A-4F illustrate a process flow of fabricating an 
OTP-ROM device according to a fourth embodiment of 
this invention, wherein FIG. 4C/4E/4F shows an OTP-ROM 
structure of the fourth embodiment having 1/2/3 layers 
of memory cells. 



Detailed Description 



[0031] First Embodiment: FIGs. 1A-1C illustrate a method for 

forming a PN junction according to the first embodiment 
of this invention, wherein FIG. 1C shows the structure of 
an OTP-ROM cell of the first embodiment. 

[0032] Referring to FIG. 1A, a stacked structure of an N-doped 

layer 110, a dielectric layer 120 and a nucleation layer 130 
is formed on a substrate 100. The substrate 100 may be 
an insulating layer or a semiconductor layer, such as the 
surface layer of a single-crystal silicon wafer. When the 
substrate 100 is the surface layer of a single-crystal sili- 
con wafer, the N-doped layer 110 can be formed directly 
in the substrate 100, and thus the material of the N- 
doped layer 110 is single-crystal silicon. In addition, the 
material of the N-doped layer 110 can be, for example, 
doped polysilicon, which is deposited on the substrate 
100 using in-situ doping. The material of the dielectric 
layer 120 is preferably silicon oxide, which can be formed 
using a low-pressure chemical vapor deposition (LPCVD) 
or thermal oxidation method. The nucleation layer 130 is 
preferably composed of a material having high density of 
nucleation sites, such as a silicon nitride, which may be 
formed using a LPCVD method. A nucleation layer 130 of 



silicon nitride can also be formed via thermal nitridation 
of the surface of the dielectric layer 120 when the material 
of the dielectric layer 120 is silicon oxide. 

[0033] Referring to FIG. IB, an insulating layer 140 is formed 

over the substrate 100. The insulating layer 140 is prefer- 
ably composed of silicon oxide, and can be formed using 
a deposition process, such as an atmospheric-pressure 
chemical vapor deposition (APCVD) process. An opening 
150 is then formed in the insulating layer 140 by, for ex- 
ample, performing a photolithography process and a sub- 
sequent anisotropic plasma etching process. A P-doped 
silicon layer 160 that is composed of polysilicon or amor- 
phous silicon is filled into the opening 150. The filling 
process includes, for example, a LPCVD process and a 
subsequent etching-back (EB) process or chemical me- 
chanical polishing (CMP) process. 

[0034] Referring to FIG. 1C, an annealing process is performed to 
recrystallize the P-doped silicon layer 160 starting from 
the portion adjacent to the nucleation layer 130, as indi- 
cated by the direction of the arrows, so as to convert it 
into a P-doped single-crystal silicon layer 160a. The an- 
nealing process is preferably performed under 500-550°C, 
and is continued for a period that increases with the 



thickness of the P-doped silicon layer 160. Thereafter, a 
sufficient forward bias is applied between the N-doped 
layer 110 and the P-doped single-crystal silicon layer 
160a to break down the nucleation layer 130 and the di- 
electric layer 120 and thereby form a PN junction. 
[0035] on the other hand, the structure of an OTP-ROM cell of 
the first embodiment is depicted in FIG. 1C. The memory 
cell includes an N-doped layer 110 on a substrate 100, an 
antifuse layer 120 on the N-doped layer 110, a nucleation 
layer 130 on the antifuse layer 120, and a P-doped sin- 
gle-crystal silicon layer 160a on the nucleation layer 130. 
In addition, the conductivity types of the two doped layers 
110 and 160a can be readily interchanged, which is well 
known to those skilled in the art and therefore not ex- 
plained herein. 

[0036] Second Embodiment: FIGs. 2A-2C illustrate a method for 
forming a PN junction according to the second embodi- 
ment of this invention. 

[0037] Referring FIG. 2A, a stacked structure of an N-doped layer 
210, a dielectric layer 220 and a P-doped silicon layer 260 
is formed on a substrate 200, and then an insulating layer 
240 is formed over the substrate 200. The materials or 
forming methods of the substrate 200, the n-doped layer 



210, the dielectric layer 220, the insulating layer 240 and 
the P-doped silicon layer 260 are the same as those men- 
tioned in the first embodiment, for example. 
[0038] Referring to FIG. 2B, an opening 250 is formed in the in- 
sulating layer 240, and then a nucleation layer 230 is 
formed on the P-doped silicon layer 260 exposed by the 
opening 250. The nucleation layer 230 is, for example, a 
germanium (Ge) seed layer. The Ge seed layer may be 
formed by, for example, performing a LPCVD process with 
GeH as a reaction gas to selectively deposit a polycrys- 

4 

talline Ge layer on the P-doped silicon layer 260 under 
450°C, and then recrystallizing the poly-Ge layer into a 
single-crystal germanium layer under 550°C. 
[0039] Referring to FIG. 1C, an annealing process is performed to 
recrystallize the P-doped silicon layer 260 under the nu- 
cleation layer 230 starting from the portion adjacent to 
the nucleation layer 230, as indicated by the direction of 
the arrows, so as to form a P-doped single-crystal silicon 
layer 260a that is roughly marked by the dotted-line cir- 
cle. The annealing process is preferably performed under 
500-5 50°C, and is continued for a period that increases 
with the thickness of the P-doped silicon layer 260. 
Thereafter, a sufficient forward bias is applied between 



the N-doped layer 210 and the P-doped single-crystal sil- 
icon layer 260a to break down the dielectric layer 220 and 
thereby form a PN junction. 

[0040] Analogously, the conductivity types of the two doped lay- 
ers 210 and 260 in the second embodiment can also be 
interchanged, as in the case of the first embodiment, 
which is well known to those skilled in the art and there- 
fore not explained herein. However, it is noted that when 
the materials of the two doped layers are polysilicon and 
single-crystal silicon, respectively, and the major carrier 
concentrations of the two are remarkably different for 
special considerations, the one composed of single-crys- 
tal silicon is preferably the one having the lower major 
carrier concentration. Thus, the characteristics of the PN 
junction can be more uniform. The reason is that the de- 
pletion region in the one having the lower major carrier 
concentration has a larger width and therefore requires 
higher uniformity, while the use of single-crystal silicon 
having orderly lattices can meet the requirement. 

[0041] since at least one of a pair of P-doped layer and N-doped 
layer that constitute a PN junction is composed of single- 
crystal silicon in the methods of the first and the second 
embodiments, the characteristics of PN junction are more 



uniform, and the leakage current of the PN junction under 
reverse bias can be reduced. Therefore, the characteristics 
of the OTP-ROM cells or other devices having such PN 
junctions are more uniform, and the leakage current of 
the same can also be reduced. 

[0042] Third Embodiment: FIGs. 3A-3D illustrate a process flow 
of fabricating an OTP-ROM device according to the third 
embodiment of this invention, wherein FIG. 3B/3C/3D 
shows an OTP-ROM having 1/2/3 layers of memory cells 
according to the third embodiment. 

[0043] Referring to FIG. 3A, a conductive layer 310, an N-doped 
layer 320, an antifuse layer 330 and a nucleation layer 
340 are sequentially formed on a substrate 300. When the 
surface layer of the substrate 300 is an insulator, the ma- 
terial of the conductive layer 310 is a metal silicide, for 
example, which is formed with a deposition process, such 
as a LPCVD process. When the substrate 300 is the surface 
layer of a single-crystal silicon wafer, the conductive layer 
310 can be an N + -doped layer formed therein. The mate- 
rial of the N-doped layer 320 is polysilicon, for example, 
which may be formed by performing a LPCVD process with 
in-situ doping. The N-doped layer 320 can also be a 
doped layer formed in the surface layer of a single-crystal 



silicon wafer, while the material of the N-doped layer 320 
is single-crystal silicon in this case. The material of the 
antifuse layer 330 is silicon oxide, for example, which 
may be formed with LPCVD or thermal oxidation. The ma- 
terial of the nucleation layer 340 is silicon nitride, for ex- 
ample, which can be formed via LPCVD or thermal nitrida- 
tion. The nucleation layer 340, the antifuse layer 330, the 
N-doped layer 320 and the conductive layer 310 are se- 
quentially patterned by using the same mask to form par- 
allel linear stacked structures 342, wherein the conductive 
layers 3 10 serve as word lines of the memory cells of the 
first layer. Thereafter, an insulating layer 350, such as a 
silicon oxide layer, is filled in between the linear stacked 
structures 342. 
[0044] Referring to FIG. 3B, another insulating layer 352 is 
formed over the substrate 300, and then patterned to 
formed parallel trenches 353 having an orientation per- 
pendicular to that of the linear stacked structures 342 in 
the former insulating layer 350. A P-doped layer 354, a 
conductive layer 356, an N-doped layer 358, an antifuse 
layer 360 and a nucleation layer 362 are sequentially filled 
into each trench 353 to form a linear stacked structure 
363 therein. The material of the P-doped layers 354 is 



polysilicon or amorphous silicon, and the conductive lay- 
ers 356 serve as bit lines of the memory cells of the first 
and the second layers. The N-doped layers 358, the anti- 
fuse layers 360 and the nucleation layers 362 are parts of 
the memory cells of the second layer, and the materials of 
the conductive layers 356, the N-doped layers 358, the 
antifuse layers 360 and the nucleation layers 362 are the 
same as those mentioned above. It is noted that when 
only one layer of memory cells is required to form, the 
above steps are terminated on the filling step of the con- 
ductive layer 356. An annealing process is then performed 
to convert the portions of the P-doped polysilicon or 
amorphous silicon layers 354 on the nucleation layer 340 
into single-crystal silicon layers, whereby the memory 
cells of the first layer are finished. As shown in the draw- 
ing, a P-doped single-crystal silicon layer 354, the nucle- 
ation layer 340 and the antifuse layer 330 under the P- 
doped single-crystal silicon layer 354, and the portion of 
the N-doped layer 320 under the same together consti- 
tute a memory cell of the first layer. 
[0045] Referring to FIG. 3C, the steps illustrated in FIG. 3B, in- 
cluding forming an upper insulating layer (not shown), 
defining trenches (not shown) and filling P-doped polysili- 



con or amorphous silicon layers (364) and conductive lay- 
ers (366) into the trenches, are repeated again. However, 
the orientation of the trenches in the upper insulating 
layer is perpendicular to that of the trenches 353 in the 
insulating layer 352 and parallel to the surface of paper. 
Therefore, the upper insulating layer and the trenches 
therein are not shown in FIG. 3C. An annealing process is 
performed to convert the portions of the P-doped amor- 
phous silicon or polysilicon layer 364 on the nucleation 
layers 362 into single-crystal silicon layers 364a, whereby 
the memory cells of the second layer are finished. As 
shown in the drawing, a P-doped single-crystal silicon 
layer 364a, the nucleation layer 362 and the antifuse layer 
360 under the P-doped single-crystal silicon layer 364a, 
and a portion of a N-doped layer 358 under the same to- 
gether constitute a memory cell of the second layer. In 
addition, the conductive layers 366 serve as word lines of 
the memory cells of the second layer. 
[0046] Analogously, higher layers of memory cells can be formed 
by cyclically repeating the above steps. For example, as 
shown in FIG. 3D, by forming an N-doped layer 368, an 
antifuse layer 370 and a nucleation layer 372 on the con- 
ductive layer 366 in each trench (not shown) via sequen- 



tial damascene steps, the structure of the obtained linear 
stacked structure 373 is the same as that of a linear 
stacked structure 363 in FIG. 3B, while the orientations of 
363 and 373 are perpendicular to each other. Thereafter, 
an insulating layer 374 is formed, and the above dama- 
scene process is repeated again to form trenches 375 and 
a linear stacked structure 380 of a P-doped silicon layer 
376 and a conductive layer 378 in each trench 375. Then, 
an annealing process is performed to convert the portions 
of the P-doped silicon layers 376 on the nucleation layer 
372 into single-crystal silicon layers, whereby the third 
layer of memory cells are completed. 
[0047] Briefly speaking, an OTP-ROM device having multi-layers 
of memory cells can be obtained by cyclically repeating 
the steps of forming an insulating layer, defining trenches 
and forming a linear stacked structure of a P-doped layer, 
a conductive layer, an N-doped layer, an antifuse layer 
and a nucleation layer in each trench. The key point is that 
the orientation of the linear stacked structures/trenches 
in one insulating layer is perpendicular to that of the lin- 
ear stacked structures/trenches in an adjacent insulating 
layer, as indicated by the linear stacked structures 342 
and 363 in FIG. 3B. In addition, it is noted that each of the 



linear stacked structures formed in the last cycle of steps 
consists of a P-doped silicon layer and a conductive layer, 
wherein the conductive layer serves as a word line or a bit 
line of the memory cells of the highest layer. As shown in 
FIG. 3C or 3D, each linear stacked structure 367 or 380 of 
the highest layer does not include an N-doped layer, an 
antifuse layer and a nucleation layer because no memory 
cell is formed over the highest layer of memory cells, 
wherein the conductive layers 366 or 378 serve as word 
lines or bit lines of the memory cells of the highest layer. 
[0048] on the other hand, the structure of an OTP-ROM having 
only one layer of memory cells according to the third em- 
bodiment is shown in FIG. 3B, and is obtained by per- 
forming the first step illustrated in FIG. 3A through the 
filling step of the conductive layers 356 illustrated in FIG. 
3B. The structure of an OTP-ROM having two layers of 
memory cells is obtained by performing the first step 
through the filling step of the conductive layer 366 illus- 
trated in FIG. 3C. Generally speaking, as shown in FIGs. 
3C-3D, a three-dimensional OTP-ROM of the third em- 
bodiment includes at least three layers of linear stacked 
structures, wherein the orientations of linear stacked 
structure in two adjacent layers are different, as indicated 



by the orientations of the linear stacked structures 363 
and 373. Each linear stacked structure (e.g., 363) in- 
cludes, from bottom to top, a P-doped silicon layer (354), 
a conductive layer (356), an N-doped semiconductor layer 
(358), an antifuse layer (360) and a nucleation layer (362). 
Each linear stacked structure 342 of the lowest layer does 
not include a P-doped silicon layer, i.e., no P-doped sili- 
con layer is disposed under the conductive layer 310 of 
each linear stacked structure 342. Meanwhile, each linear 
stacked structure of the highest layer does not include an 
N-doped semiconductor layer, an antifuse layer and a nu- 
cleation layer. As shown in FIG. 3D, no layer is further 
formed on the conductive layer 378 of each linear stacked 
structure 380 of the highest layer. In addition, each P- 
doped layer (e.g., 364) includes single-crystal silicon 
blocks (364a) and polysilicon blocks each between two 
single-crystal silicon blocks (364a). A single-crystal sili- 
con block (364a) is located on the nucleation layer (362) 
of a lower stacked structure (363) that overlaps with the 
P-doped layer (364). 
[0049] Moreover, as well known to those skilled in the art, the 

conductivity types of the P-doped layers and the N-doped 
layers in the aforementioned third embodiment can be 



readily interchanged to meet some special requirements. 
[0050] since at least one of a pair of P-doped layer and N-doped 
layer that constitute a PN junction is composed of single- 
crystal silicon in the OTP-ROM structure of the third em- 
bodiment, the characteristics of PN junction are more uni- 
form, and the leakage current of the PN junction under re- 
verse bias can be reduced. Therefore, the characteristics 
of the OTP-ROM cells having such PN junctions are more 
uniform, and the leakage current of the same can also be 
reduced. 

[0051] Moreover, the step of defining silicon nucleation sites is 
integrated with the inherent damascene process in the 
OTP-ROM process of the third embodiment. That is, sin- 
gle-crystal silicon is formed on the nucleation layer ex- 
posed by the openings in an inter-layer insulator. There- 
fore, this invention does not need an additional mask to 
pattern the high-nucleation-density layer (or the nucle- 
ation layer) or the low-nucleation-density layer (or the 
antifuse layer). 

[0052] Fourth Embodiment: FIGs. 4A-4F illustrate a process flow 
of fabricating an OTP-ROM device according to the fourth 
embodiment of this invention, wherein FIG. 4C/4E/4F 
shows an OTP-ROM having 1/2/3 layers of memory cells 



according to the fourth embodiment. 

[0053] Referring to FIG. 4A, a conductive layer 410, an N-doped 
layer 420, an antifuse layer 430 and a P-doped amor- 
phous silicon layer 440 are sequentially formed on a sub- 
strate 400. The materials and/or forming methods of the 
substrate 400, the conductive layer 410, the N-doped 
layer 420 and the antifuse layer 430 can be the same as 
those mentioned in the third embodiment. The four layers 
440, 430, 420 and 410 are then patterned sequentially to 
form parallel linear stacked structures 442. An insulating 
layer 445 is then filled in between the linear stacked 
structures 442, wherein the conductive layer 410 in each 
linear stacked structure 442 serves as a word line of the 
memory cells of the first layer. 

[0054] Referring to FIG. 4B, another insulating layer 450 is 

formed over the substrate 400, and then patterned to 
form parallel trenches 452 that have an orientation per- 
pendicular to that of the linear stacked structures 442 in 
the insulating layer 445. A plurality of nucleation layers 
454 are then formed on the portions of the P-doped 
amorphous silicon layer 440 that are exposed by the 
trenches 452. The nucleation layers 454 are Ge seed lay- 
ers, for example, which may be formed with the method 



mentioned in the second embodiment. An annealing pro- 
cess is then performed to convert the portions of the P- 
doped amorphous silicon layer 440 under the nucleation 
layers 454 into P-doped single-crystal silicon blocks 
440a, wherein the process temperature is preferably 
500-550°C. In the resulting structure, a P-doped single- 
crystal silicon block 440a, the portion of the N-doped 
layer 420 under the same and the antifuse layer 420 be- 
tween them together constitute a memory cell of the first 
layer. 

[0055] Referring to FIG. 4C, the nucleation layers 454 are re- 
moved, and a conductive layer 456, an N-doped layer 458 
and an antifuse layer 460 are sequentially filled into each 
trench 452 to form a linear stacked structure 461 in each 
trench 452. The conductive layers 456 serve as bit lines of 
the memory cells of the first and the second layers, while 
the N-doped layers 458 and the antifuse layers 460 are 
parts of the memory cells of the second layer. Accord- 
ingly, when only one layer of memory cells is to be 
formed, the above process is terminated on the filling 
step of the conductive layers 456. 

[0056] Referring to FIG. 4D, another P-doped amorphous silicon 
layer 462 is formed over the substrate 400, and then a 



patterned mask layer 464 is formed on the P-doped 
amorphous silicon layer 462 exposing linear portions of 
the P-doped amorphous silicon layer 462 overlying the N- 
doped layers 458. The material of the mask layer 464 is 
low-temperature oxide (LTO), for example, which is 
formed with a plasma-enhanced chemical vapor deposi- 
tion (PECVD) process. Thereafter, linear nucleation layers 
466, such as linear Ge seed layers, are formed on the ex- 
posed portions of the P-doped amorphous silicon layer 
462. An annealing process is then performed to convert 
the portions of the P-doped amorphous silicon layer 462 
under the linear nucleation layers 466 into P-doped sin- 
gle-crystal silicon layers 462a. After the P-doped single- 
crystal silicon layers 462a are formed, the mask layer 464 
and the linear nucleation layer 466 are removed. 
[0057] Referring to FIG. 4E, a conductive layer 468 is then formed 
on the P-doped amorphous silicon layer 462 and the P- 
doped single-crystal silicon layers 462a, and then the 
conductive layer 468, the P-doped amorphous silicon 
layer 462 and the P-doped single-crystal silicon layers 
462a are patterned to form a plurality of linear stacked 
structures 469. The orientation of the linear stacked 
structures 469 is perpendicular to that of the linear 



stacked structures 461 in the former insulating layer 450, 
and is the same as that of the lowest linear stacked struc- 
tures 442. In addition, the patterned conductive layer 468 
serves as word lines of the memory cells of the second 
layer. The fabrication of the memory cells of the second 
layer is thus completed, wherein a P-doped single-crystal 
silicon layer 462a and the antifuse layer 460 and the N- 
doped layer 458 under the same together constitute an 
OTP-ROM cell of the second layer. 
[0058] Furthermore, as in the case of the third embodiment, a 3D 
OTP-ROM device having multi-layers of memory cells can 
also be fabricated in the fourth embodiment by cyclically 
repeating the above steps. For example, as shown in FIGs. 
4E-4F, when the third layer of memory cells is to be 
formed, an N-doped layer 470, an antifuse layer 472 and 
a P-doped amorphous silicon layer 474 are formed on the 
conductive layer 468 before the conductive layer 468, the 
P-doped amorphous silicon layer 462 and the P-doped 
single-crystal silicon layers 462a are patterned. Then, the 
P-doped amorphous silicon layer 474, the antifuse layer 
472, the N-doped layer 470, the conductive layer 468, the 
P-doped amorphous silicon layer 462 and the P-doped 
single-crystal silicon layers 462a are patterned to form 



linear stacked structures 475 having an orientation per- 
pendicular to that of the linear stacked structures 461 in 
the lower insulating layer 450. Thereafter, the step of 
forming single-crystal silicon layers (440a) through the 
step of filling conductive layers (456) into trenches (452) 
that are illustrated in FIGs. 4B-4C are repeated again to 
form single-crystal silicon layers 474a, an insulating layer 
476 and conductive layers 478 in the insulating layer 476, 
whereby the fabrication of an OTP-ROM device having 
three layers of memory cells is completed. 
[0059] Moreover, if the step of forming single-crystal silicon lay- 
ers (440a) through the step of defining word lines (468) 
that are illustrated in FIGs. 4B-4E are repeated again after 
the linear stacked structures 475 are formed, an OTP- 
ROM device having four layers of memory cells can be 
fabricated. The above steps are repeated cyclically until a 
predetermined number of layers of memory cells are fab- 
ricated. 

[0060] on the other hand, the structure of an OTP-ROM having 
only one layer of memory cells according to the fourth 
embodiment is shown in FIG. 4C, and is obtained by per- 
forming the first step illustrated in FIG. 4A through the 
filling step of the conductive layers 456 illustrated in FIG. 



4C. The structure of an OTP-ROM having two layers of 
memory cells is obtained by performing the first step 
through the patterning step of the conductive layer 468, 
the P-doped amorphous silicon layer 462 and the P- 
doped single-crystal silicon layers 462a illustrated in FIG. 
4E. Generally speaking, as shown in FIGs. 4E-4F, a 3D 
OTP-ROM structure of the fourth embodiment includes at 
least three layers of linear stacked structures (e.g., 442, 
461 and 469). The orientation of the linear stacked struc- 
tures in one layer is different from that of the linear 
stacked structures in an adjacent layer, as indicated by the 
orientations of the linear stacked structures 442 and 461 
or by those of the linear stacked structures 461 and 469. 
[0061] Referring to FIGs. 4E-4F again, a linear stacked structure 
in an odd layer, for example, a linear stacked structure 
475 of the third layer, includes, from bottom to top, a 
lower P-doped silicon layer (462), a conductive layer 
(468), an N-doped semiconductor layer (470), an antifuse 
layer (472) and an upper P-doped silicon layer (474). Each 
linear stacked structure of the first layer does not include 
a lower P-doped silicon layer, i.e., no layer is disposed 
under the conductive layers 410 of the first layer. More- 
over, when the highest layer is an odd layer, each linear 



stacked structure of the highest odd layer does not in- 
clude an N-doped semiconductor layer, an antifuse layer 
and an upper P-doped silicon layer. As shown in FIG. 4E, 
when the highest layer is the third layer, no layer is dis- 
posed on the conductive layer 468 of the highest layer. In 
addition, a linear stacked structure in an even layer, for 
example, a linear stacked structure 461 of the second 
layer, includes, from bottom to top, a conductive layer 
(456), an N-doped semiconductor layer (458) and an anti- 
fuse layer (460). However, when the highest layer is an 
even layer, each linear stacked structure of the highest 
even layer does not include an N-doped semiconductor 
layer and an antifuse layer. As shown in FIG. 4F, when the 
highest layer is the fourth layer, no layer is disposed on 
the conductive layers 478 of the fourth layer. Meanwhile, 
each lower silicon layer of an odd layer, for example, the 
lower silicon layer 462 of the third layer, includes lower 
single-crystal silicon blocks (462a) and amorphous silicon 
blocks each between two lower single-crystal silicon 
blocks (462a). In a lower silicon layer (462), a lower sin- 
gle-crystal silicon block (462a) is located on the antifuse 
layer (460) of a lower linear stacked structure (461) that 
overlaps with the lower silicon layer (462). In addition, 



each upper silicon layer of an odd layer, for example, the 
upper silicon layer 440 of the first layer, includes upper 
single-crystal silicon blocks (440a) and amorphous silicon 
blocks each between two upper single-crystal silicon 
blocks (440a). In an upper silicon layer (440), an upper 
single-crystal silicon block (440a) is located under the 
conductive layer (456) of an upper linear stacked structure 
(461) that overlaps with the upper silicon layer (440). 

[0062] Moreover, as well known those skilled in the art, the con- 
ductivity types of the P-doped layers and the N-doped 
layers in the aforementioned fourth embodiment can be 
readily interchanged to meet some special requirements. 

[0063] since at least one of a pair of P-doped layer and N-doped 
layer that constitute a PN junction is composed of single- 
crystal silicon in the OTP-ROM structure of the fourth em- 
bodiment, the characteristics of PN junction are more uni- 
form, and the leakage current of the PN junction under re- 
verse bias can be reduced. Therefore, the characteristics 
of the OTP-ROM cells having such PN junctions are more 
uniform, and the leakage current of the same can also be 
reduced. 

[0064] Moreover, the step of defining silicon nucleation sites il- 
lustrated in FIG. 4B is integrated with an inherent dama- 



scene process in the OTP-ROM process of the fourth em- 
bodiment, as in the case of the third embodiment. That is, 
single-crystal silicon is formed under nucleation layers 
that are formed on the amorphous silicon exposed by the 
openings in an inter-layer insulator. Therefore, this step 
does not require forming and patterning a sacrificial layer 
for defining nucleation sites. 
[0065] it w i|| be apparent to those skilled in the art that various 
modifications and variations can be made to the structure 
of the present invention without departing from the scope 
or spirit of the invention. In view of the foregoing, it is in- 
tended that the present invention covers modifications 
and variations of this invention provided they fall within 
the scope of the following claims and their equivalents. 



